Abstract -Introduction. Gibberellin application alone in Lampung, Indonesia, has not been successful in overcoming the low harvest index of pineapple. Cytokinin is known to promote the allocation of assimilates to sink organs. The effect of gibberellin and cytokinin on the harvest index and fruit quality of pineapple was evaluated in this study. Materials and methods. Three levels of gibberellin (0, 100 and 200 ppm) combined with three levels of cytokinin (0, 24 and 48 ppm) were applied in the 12 th and 14 th weeks after flowering induction treatment. The experiment was conducted with the pineapple cv. Smooth Cayenne in a randomized complete block design with three replications. Harvest index and fruit quality analyses were carried out in fruits harvested during the 23 rd week after flowering induction treatment. Results and discussion. Gibberellin alone (100 or 200 ppm) or combined with cytokinin (24 or 48 ppm) increased the fruit weight, harvest index and fruit crown length -a positive effect on the quality of this planting material -and delayed fruit maturity (5 days) of 'Smooth Cayenne' pineapple. Conclusion. Gibberellin and/or cytokinin improved some properties of the pineapple fruit quality. Treatment with 100 ppm of gibberellin combined with 24 ppm of cytokinin was the best treatment for improvement of the pineapple harvest index and fruit quality.
Introduction
The pineapple fruit is technically called a sorosis -"a fusion of many fruits together to form one unit". Each "eye" (fruitlet) is a complete fruit. Flowering starts at the bottom of the sorosis and continues up as a spiral to the last eye. When the formation of fruitlets stops, the growing point reverts to a vegetative state and the top (crown) is formed [1] . There is probably no direct effect of the crown on the growth of the fruit and no relationship among the crown, fruit size and stem starch [2] . Fruit growth from blossoming inflorescence to mature fruit results in a twenty-fold increase in weight. The enlargement of the calyx results from continued growth by cellular division, in the stages up to flowering, and cell enlargement, in the later stages [3] . Fruit growth is more rapid around 100 days after the flowering induction treatment when there is a decrease in stem dry matter and probably in stem starch, or both, indicating a mobilization of starch from the stem to help meet the fruit carbon demand. Leaf starch is apparently also mobilized to meet the increasing demand for the rapidly developing fruit [4] . Good cultural care will ensure a large number of fruitlets are formed, which will fill out to give a well-shaped and high-yielding fruit.
In some pineapple plantations of the Great Giant Pineapple (GGP) company, Indonesia, there has been a decrease in productivity and fruit quality, resulting in small fruits or large fruits with small-sized crowns or with a conical shape. This is disadvantageous because the crown is one of the main pineapple planting materials. Therefore, the goal is always to obtain the best fruit quality with vigorous crowns. An effort to overcome this problem is by applying plant growth regulators (PGRs). Gibberellin (GA) plays a role in increasing the sourcesink relation or sink strength by activating enzymes involved in sugar metabolism [5, 6] . The partitioning of assimilates from source leaves is a key factor for fruit development, as any limitation of assimilate supply affects the final fruit size [7] . Gibberellin is a PGR commonly used to increase fruit weight in various types of plants. Gibberellin increases the fruit number and size of grapes, delays maturity and reduces physiological abnormalities in citrus peel, maintains the photosynthetic tissue of lemon peel, and extends the postharvest shelf life of banana [8] ; it increases the fruit weight of 'Comte de Paris' pineapple [9] ; it delays the maturity of 'MD-2' pineapple for 7-10 days, and increases its crown length [8] . Previous studies conducted at GGP have shown that GA increased the pineapple fruit size, but the internal fruit quality was poor due to such aspects as more translucency, bland taste and variable TSS/TA ratio (personal communication, 2013). These results may have been affected by inappropriate time of application and concentrations of GA.
It is known that plant hormones do not work by themselves to stimulate or inhibit the growth, but they interact with other hormones or components. Besides GA, cytokinin (CK) is also a hormone that stimulates cell division and growth, controls cell division and cell differentiation, and triggers the nutrient mobilization and allocation from the source to the sink organs [10] . The interactions between GA and CK include both negative and positive mutual regulation, depending on the tissue and signaling context. Also, numerous antagonistic effects on developmental processes and signaling are exerted by GA and CK [11, 12] . Previous studies have shown that GA and CK have a synergistic relationship to increase the fruit weight of 'Hass' avocado [13] and 'Golden Delicious' and 'Jonagold' apples [14] . To our knowledge, there is no information on CK or the interaction between GA and CK in pineapple. Moreover, no studies have been conducted to evaluate the harvest index, and physical and biochemical quality of the fruit in response to GA and CK application in 'Smooth Cayenne' pineapple. The effect of GA and CK on the harvest index, and fruit and crown quality of 'Smooth Cayenne' pineapple is reported in the present study.
Materials and methods

Experimental design
The experiment was conducted at the research station of GGP located in Terbangi Besar, Lampung, Indonesia, from August 2014 until February 2015. The experimental station has the following geographic coordinates: 4
• 49 15.5" S and 105
• 15 27.4" E, with an average altitude of around 46 m. The average annual rainfall is about 148.4 mm, average annual temperature is 27.5
• C, and average relative air humidity is 88.6%. 
Analysis of pineapple harvest index and fruit quality
Five fruits at the mature green stage, reached at 156 DAF, were harvested per treatment plot for fruit quality analysis. Meanwhile, the remaining fruits were harvested as they reached the half-yellow stage when fruit were designated as mature. The data on days from induction to harvest for all fruits within each treatment were averaged to assess the effect of the PGR treatments on days from induction to fruit maturity. The fresh weights of the fruit, crown and plant, without roots, were 3 Days to maturity (DTM) were the number of days from induction on 04-08-2014 to fruit maturity.
of NaOH. The flask was boiled again on the condenser for 30 min. The suspension was filtered through filter paper while being washed with boiling distilled water until the washing water was no longer basic (tested with a PP indicator). The residue was washed with boiling distilled water containing 15 mL of alcohol 95%. The residue present in the filter paper was dried at a temperature of 100-110
• C for 1-3 h until it reached constant mass, cooled in the desiccator, and weighed. The difference in weight of the filter paper and residue before and after drying was the percentage of fibers contained in the sample.
The vitamin C content of the fruit flesh was determined by titration of the filtrate with 2.6-dichlorophenol indophenol (2.6-D). The filtrate was put into a 250-mL Erlenmeyer flask and distilled water was added up to the mark. Five mL of filtrate were put into a 100-mL Erlenmeyer flask and 5 mL of HPO 3 -acetatic acid were added. The mixture was titrated with a standard solution of 2.6-D until the color changed to pink. At the end point of the titration, the solution volume was recorded.
For fruit potassium content determination, 20 mL of the juice were put into a 25-mL volumetric flask and 40 g L −1 CsCl solution was added until the content in the sample reached about 0.1-0.4%. The solution was diluted 5 times. The blank solution was 0.1-0.4% of CsCl solution. Standard solution absorbance was measured using an atomic absorbance spectrometer (AAS) at the wavelength of 769.9 nm. The standard curve was done afterwards. The absorbance of the sample solution was also measured by AAS.
The sugar content of the pineapple fruits was analyzed using high-performance liquid chromatography (HPLC). Fructose, glucose and sucrose standards were purchased from Merck. The sugar content in the sample was calculated by comparing the sample's peak area with the standards at the wavelength of 250 nm. The mobile phase used was acetonitrile and distilled water (80:20; v/v). The stationary phase used was a Purospher Star NH 2 250-4 µm column with a RI detector at a temperature of 40
• C, flow rate of 1 mL min −1 and volume injection of 20 µL.
Statistical analysis of data
Data were analyzed using analysis of variance (ANOVA) followed by Duncan's multiple range test (DMRT) at the 5% level.
Results and discussion
Effect of gibberellin and cytokinin on the pineapple harvest index
Pineapple fruit treated with GA alone or in combination with CK slightly increased the fruit weight and harvest index (table I). The harvest index was increased by 6 and 10% by treatment with 48 ppm of CK and 100 ppm of GA, respectively. However, the treatments of 100 ppm of GA combined with 24 ppm of CK, and 200 ppm of GA combined with 48 ppm of CK showed a significant increase in the harvest index compared with control (12 and 16%, respectively). Application of GA alone or in combination with CK significantly increased the crown length, which was a positive effect on the quality of this planting material. The fruits not treated with GA matured five days earlier than those treated with GA, while CK had no effect on days to maturity (table I) . Similar results were obtained by others [8] .
It is known that GA plays a key role in cell expansion [17] . Gibberellin may not increase the number of cells, but increases the cell volume of pineapple fruit [9] . Gibberellin is known to be an important phytohormone that regulates source-sink relations or sink demand by activating enzymes involved in sugar metabolism [18, 19] . CK also plays an important role in the absorption of water and mobilization of assimilates to the sink organs such as the fruit [10, 20, 21] . Application of GA increased the fruit weight of 'MD-2' [8] and 'Comte de Paris' pineapple [9] . Application of CK increased the fruit weight of Lupinus angustifolius [22] and 'Duke' blueberry [23] . The fact that GA combined with CK increases the fruit weight of nonclimacteric multiple fruits (sorosis) has not been reported.
Effect of gibberellin and cytokinin on pineapple fruit quality
The effect of gibberellin and cytokinin on pineapple fruit quality is shown in tables II and III. As shown in table II, control and fruits treated with CK alone had a more yellowishwhite flesh than fruits treated with GA alone or combined with CK. However, the results indicate that fruit firmness was not affected by GA and CK treatments.
Gibberellin at 100 ppm combined with 24 ppm of CK was the best combination to increase the fruit fiber content by 106.06% compared with the control (table II) . Changes in fruit fiber contents, as determined by GA and CK, may lead to inhibition of the fruit softening [30, 31] . Gibberellin is known to inhibit the reduction of the stability of the cell wall [32] by influencing the enzymes involved in this process [27, [33] [34] [35] . On the other hand, there is no information available on the effects of CK on fruit fiber content. However, CK may improve the function of GA in this mechanism, contributing to increasing the fiber content in pineapple, as was observed for the treatment GA 1 CK 1 in this study.
Pineapple fruit treated with GA, CK, or the combination of GA with CK significantly increased the fruit water content (table II). The water content was increased by 7.07% in response to application of 200 ppm of GA combined with 24 ppm of CK. This may be related to the effect of GA reducing the water potential in the cell by increasing the plasticity of the cell wall followed by hydrolysis of starch into sugar [36] . The entry of water into the fruit cells helps cell enlargement, thus increasing the fruit size [24] . In addition, CK also plays a role in the absorption of water during fruit growth [10, 20, 21] .
The fruit potassium content was affected by GA and CK. Cytokinin at 24 ppm increased the potassium content by 4.85%, but it was decreased by higher CK concentration (48 ppm) and GA treatments, such as 100 GA, which decreased it by 23.86% compared with the control. Increasing potassium content showed correlation with the water content in pineapple fruit when CK was applied (table II) , an effect related to the osmotic regulation in the cell. Potassium is involved in the charge balance of organic acids in the cell vacuole [37] . Some phytohormones, such as ABA and GA, maintain the balance of osmotic pressure by regulating K + /H + exchangers [38] . However, CK has not yet been reported in this context. The vitamin C content of fruits treated with GA alone or in combination with CK was significantly higher than those of the control and CK alone, and there was a significant concentration response (table II) . Treatment of 200 ppm of GA combined with 48 ppm of CK was the best combination, increasing the content of vitamin C by 78.5% compared with the control. These results are consistent with those of a previous study which showed that 50 or 100 ppm of GA increased the vitamin C content of 'MD-2' pineapple fruit [9] . The increase in the vitamin C content is favored by the delay in the physiological ripening of the pineapple fruit [39] . Vitamin C is an antioxidant compound essential for all parts of a plant, and it also plays a role in cell expansion [40, 41] . The increase in the vitamin C content in pineapple fruits may be one of the reasons why GA increases the fruit cell area and size [9] .
The total soluble solids (TSS) and titratable acidity (TA) values of fruits treated with GA and CK were significantly lower than the control, and there was a significant concentration response (table III) . For example, TSS were reduced by 19.88% and TA by 17.02% in response to application of 100 ppm of GA combined with 48 ppm of CK compared with the control. However, there was no effect of GA and CK on the ratio of sugar to acid (TSS/TA) (table III). These results were different from those obtained in a previous study, where GA increased TSS and TA of 'MD-2' pineapple fruits, and where TSS/TA was increased in low-GA-concentration treatments and decreased in high-level GA treatment [9] . These results may be related to the delay in the fruit physiological maturity in response to GA application [8] , as changes of TSS and TA in pineapples are highly correlated with the level of fruit maturity [42] [43] [44] [45] .
Single treatments of GA or CK also significantly affected the sugar content of 'Smooth Cayenne' pineapple fruits including sucrose and hexose (fructose and glucose). For example, application of 200 ppm of GA combined with 48 ppm of CK significantly decreased the sucrose content by 49.78%, increased the fructose content by 47.27%, increased the glucose content by 40.48%, and reduced the sucrose/hexose ratio by 65.03% compared with the control. Results regarding the effects of GA and CK on fruit sugar have not been consistent. The present study showed that 100 ppm of GA increased the sucrose/hexose ratio, while 200 ppm of GA showed opposite results. This may be related to a mechanism of GA to regulate sucrose and hexose balance in a fruit [19] .
Conclusion
Gibberellin alone (100 or 200 ppm) or combined with cytokinin (24 or 48 ppm) increased the fruit weight, harvest index and fruit crown length -a positive effect on the quality of this planting material -and delayed fruit maturity (5 days) of 'Smooth Cayenne' pineapple. Gibberellin and/or cytokinin affected the physical and biochemical quality of pineapple fruits. Treatment with 100 ppm of gibberellin combined with 24 ppm of cytokinin was the best treatment for increased fruit weight, harvest index and fruit crown length, and improved some properties of fruit quality, such as fruit firmness, fiber content, water content and vitamin C.
